Abstract: We report the stepwise assembly of supramolecular daisy chain rotaxanes (DCR) made of double-stranded DNA: Small dsDNAm acrocycles bearing an axle assemble into ap seudo-DCR precursor that was connected to rigid DNA stoppers to form DCR with the macrocycles hybridized to the axles.I np resence of release oligodeoxynucleotides (rODNs), the macrocycles are released from their respective hybridization sites on the axles,l eading to stable mechanically interlocked DCRs.B esides the expected threaded DCRs, certain amounts of externally hybridized structures were observed, whichdissociate into dumbbell structures in presence of rODNs.W eshowthat the genuine DCRs have significantly higher degrees of freedom in their movement along the thread axle than the hybridized DCR precursors.I nterlocking of DNAi nD CRs might serve as av ersatile principle for constructing functional DNAn anostructures where the movement of the subunits is restricted within precisely confined tolerance ranges.
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The development of dynamic DNAnanotechnology has led to functional molecular architectures and circuits with properties that can be operated in response to external stimuli. [1] Examples include DNAnanomachines [2] that can be switched, often reversibly,from one state to another, [3] motor systems based on DNAw alkers, [4] DNAs piders, [5] polymerization, [6] and other systems. [7] Theultimate aim is to assemble autonomously working modules of DNAi nto multicomponent nanostructures in which different functions are combined to perform tasks of increasing complexity.H owever, assembling many different individual precursors into complex supramolecules that exhibit functions similar to large biological nanomachines still remains challenging.T herefore,c oncepts and tools for shaping,h olding, positioning,p rogramming, guiding, and assembling functional molecular architectures from ab road variety of different precursors are needed. [8] In analogy to macroscopic engineering,itwill be advantageous for the DNAn anoengineering field to achieve control of directed movement within defined margins as opposed to diffusion-determined motion. In many biological machines, precisely guided bearing of moving components is essential to achieve proper function.
[1b] Guide bearings in complex biological machines include the kinesin shuttle,s arcomeres, F 1 -ATPase,o rt he bacterial flagellum. [9] Molecular guide bearings in biological machines ensure biomechanical movement to occur within precise margins,a nd similar concepts are required to construct complex DNA-based biohybrid machines.I nD NA nanotechnology,h owever, solutions for this purpose are scarce.
Herein we report an approach based on interlocked daisy chain rotaxane (DCR) DNAn anostructures.I naDCR, amacrocycle connected to an axle bearing astopper at its end circumscribes the axle of as econd such unit and vice versa ( Figure 1a ;F igure 2a). Synthetic molecular DCRs are wellestablished. [10] In contrast, although interlocked DNAt opologies such as catenanes, [11] borromean rings, [12] and rotaxanes [13] are known, [14] DNAn anostructures that form DCRs are unprecedented. To approach the concept of potential guide bearing by interlocked structures,w er easoned that DNAD CRs provide an ideal starting point to introduce movable components into nanorobotic structures that require operation within precise margins.
To construct aD CR architecture based on doublestranded DNA( dsDNA), we assembled two pairs of branched DNAm acrocycles,1 26R1/126R2 and 126X/126Y, respectively ( Figure 1a ;S cheme S1 and Figure S1 in the Supporting Information). Both macrocycle pairs consist of intrinsically bent AT tracts that entail unstrained circularization of dsDNA. From each macrocycle,alinear dsDNA sequence,r od-m1/rod-m2 for 126R1/126R2 and rodX/rodY for 126X/126Y,r espectively,d ivert in at hree-way junction. Rod-m1 contains an 8-mer ss-gap region that is complementary to 8ntofthe 12-mer gap in 126R2;rod-m2 was designed analogously with an 8-mer ss gap that hybridizes to 8ntofthe 12-mer gap in 126R1. RodX has a9 -mer ss region complementary to 9ntofthe 15-mer gap in 126Y and vice versa for the rodY/126X-pair (Figure 1a ;F igure S1 and Table S1 ). When equimolar ratios of 126R1/126R2 or 126X/126Y are incubated at 15 8 8C, the two complementary ss gaps in the macrocycles and the axles hybridize with their respective counterpart to result in ap seudo-DCR with hybridized and thus immobile macrocycles. [15] In 126R1/126R2, each of the rods terminates with identical 5nto verhangs;i n1 26X/126Y they terminate with two different sticky ends.The sticky ends can be used for attaching stopper molecules that prevent the interlocked DCR from dethreading once the hybridization between axles and macrocycle are released by means of the 12-mer release oligodeoxynucleotides (rODNs) L1/L2 for 126R1/126R2, or XL/YL for 126X/126Y,r espectively (Figure 1a ; Figure S1 and Table S1 ). Using stoppers with different sticky ends slightly increases the amount of the singlestoppered pseudo-DCR (Figure 1b ,l ane 5) compared to the one in lane 4.
As stoppers,w eligated branched DNAcrossover macrocycles composed of 168 base pairs [13b] ( Figure S1 ;T able S1) to the sticky ends of each axle.T he stopper size was chosen so as to preclude dethreading of the macrocycles,a se stablished in previous studies.
[ We added and ligated the rODNs L1/L2 for 126R1/126R2, or XL/YL for 126X/126Y to purified DCR hyb .T he rODNs are all fully complementary to the 12-or 15-mer ss gaps in the respective macrocycles (Figure 2a,s tep 1) . Likewise,w ea dded and ligated the rODNs S1/S2 for 126R1/126R2, or XS/YSf or 126X/126Y,r espectively,that are complementary to the ss gaps in the respective axles ( Figure 2a,step 2) . In the presence of the rODNs,both DCR hyb structures convert into ap roduct with slightly increased electrophoretic mobility,d espite the increase in (Figure 2b,l ower panel) . Them axima of the density profiles belonging to the DCR indicate that both DCR mec versions (lanes 4a nd 5) migrate slightly faster than the corresponding DCR hyb structures (lanes 2a nd 3), ap henomenon we have observed for other interlocked DNA nanostructures.
[13a-c, 16] Interestingly,the lower bands in lanes 4 and 5, which correspond to the dumbbells that form after addition of the rODNs,differ significantly in their intensities (Figure 2b,u pper panel) , thus indicating that ring and axle gaps hybridize to some extent externally,t hat is,w ithout interlocking.I nt he 126X/126Y pair, this external hybridization occurs less frequently than in the 126R1/126R2-system, which likely arises from the additional base pair in the former system.
Thes tructures shown in lanes 4a nd 5, respectively,w ere deposited onto mica using the adhesive poly-l-ornithine. Figure 2c,d shows the high-resolution AFM images acquired at the solid/liquid interface of mechanically interlocked 126R1/126R2 and 126X/126Y DCR mec species (for additional overview images,see Figure S7a, b) . [15] Fornative DCR mec ,the spherical stoppers and the interlocked DCR motifs are both clearly resolved. However,s everal dumbbell structures are found (Figure 2c, d ; yellow dots), consistent with the additional bands observed in the lower parts of the gels after electrophoretic separation (Figure 2b,lanes 4, 5) . In addition, nonspecified fragments (e.g. rings,r ing/axle structures,a nd short linear segments) are observed (Figure 2c,d;crosses) .
However,wenoted during DCR mec assembly that asmall amount of dumbbell monomers form after addition of rODNs,d espite DCR mec being mechanically stable.T he most likely reason for this observation is ac ertain level of imperfect interlocking,where only one or no ring/axle pair is interlocked while the other one hybridizes externally (Figure 3a ,u pper left structure). In the presence of rODNs,t he interlocked part of the structure dehybridizes,a nd the formerly interlocked macrocycle dethreads in as lippage mechanism, as previously observed for dsDNArotaxanes, [13e] to result in the dumbbell-monomers (Figure 3a) . Because purification of DCR hyb occurred in the presence of buffer throughout the entire process,t he externally hybridized structures can potentially survive purification.
To test this hypothesis and to determine the proportion of external hybridization of two noninterlocked dumbbells versus the interlocked DCR mec ,t he level of hybridized dumbbell dimers that form when the noninterlocked 126R1 and 126R2 dumbbells hybridize externally was analyzed by nondenaturing agarose gel electrophoresis.A sr eferences, as ingle 126R1 dumbbell, and the purified DCR hyb 126R1/ 126R2 were used. We observed around 30 %o faband corresponding to the dimerized form of externally hybridized dumbbells,w hereas around 70 %o ft he dumbbells remained as monomers (Figure 3b) . Thus,asignificant proportion of noninterlocked 126R1/126R2 hybridize at the ring exterior, and as emi-interlocked DCR hyb structure should be even more stable.T herefore,t he purification of DCR mec must be performed in presence of rODNs to avoid unintended copurification of semi-or noninterlocked dimers.T his strategy becomes more important when assembling DCR mec in which incompletely interlocked components do not fall ,a nd only one of the rings becomes released while the other remains hybridized. DCR were labeled with fluorophore/ quencher pairs at the hybridization sites (Figure 4a ). 126R1 contained Cy5 at the tail gap (cyan sphere) and black-hole quencher 1( BHQ1) at the ring gap (purple sphere);1 26R2 contained FAMa tt he tail gap (green sphere) and BHQ3 at the ring gap (blue sphere). Toehold (TH) versions of the rODNs (TH1, TH2) released the rings from their hybridization with the axles.T or estore DCR hyb by removing TH1 and/or TH2, we used anti-TH-ODNs (AH1, AH2) complementary to the TH-rODNs ( Figure S2 ). As eries of control experiments were performed to compare the data measured with the DCR hyb and DCR mec systems.F irstly,wedetermined the level of external hybridization by fluorescence quenching (FQ) of aF AM-and aB HQ1-labeled dumbbell pair (Figure S3, upper left panel) . External hybridization minimized the quenching of the FAMf luorescence after mixing the labeled dumbbells ( Figure S3, lower left panel) . Secondly,we tested the efficiency of rODN-hybridization by adding aB HQ1-labeled TH1 to the FAM-labeled 126R1 dumbbell and found that hybridization occurred with high efficiency ( Figure S3, right panel) . Thirdly,w eo mitted the stoppers in the DCR-structure and performed the same set of experiments with this pseudo-DCR. Thelack of stable interlocking means that the presence of any rODN leads to more rapid disassembly of pseudo-DCR than of DCR hyb or DCR mec ,and to higher absolute levels of fluorescence dequenching (Figure 4c;F Figure S5 ). Together with the FQ analyses,these results provide clear evidence of higher mechanical freedom in DCR mec along the axle margins than in DCR hyb ,w here macrocycle mobility is highly confined. To conclude,our study introduces an unprecedented class of interlocked dsDNAnanostructures,namely the daisy-chain rotaxane.W es how that when assembling this architecture, Figure 3 . Different threading states lead to partial interlocking. a) Example of one possible form generated during the assembly of DCR hyb :apseudo-DCR, [15] where the tail gap of 126R1 hybridizes externally,i.e.,w ithout interlockingtothe ring gap in 126R2. Steps 1a nd 2: successive addition of the corresponding rODNs to release the hybridizedg aps leads to asemi-interlocked pseudo-DCR, which dethreads in aslippage process,g iving rise to the dumbbells. 
Angewandte
Chemie about 30 %o ft he structures incompletely interlock by external hybridization, thus leading to dethreading after release of the macrocycles from their hybridization sites in the axles by means of rODNs.T his behavior must be taken into account when assembling more complex functional DNA DCR structures.T he DCRs represent interlocked DNA nanostructures in which the threaded stopper/axle/macrocycle units can move along af lexible dsDNAa xle,t hereby providing afunctional mechanical element with the potential to serve as aslide bearing.Future dsDNADCR systems with more rigid PX100 axles [13b] instead of ad sDNAa xle might provide slide bearings consisting of several such interlocked units.More generally,mechanical daisy chain interlocking of DNAa rchitectures might allow guided bearing in future dynamic DNAn anostructures in which the movement of parts requires guidance within ac ertain tolerance range to achieve defined levels of elasticity and to reduce friction between moving parts.
